as the preferred catalyst due to its slightly better catalytic activity than other complexes. The utility of 3 in TH of a variety of carbonyl compounds was explored under basic and base free conditions. Tandem catalysis involving TH of a carbonyl group and etherification of the resulting -CH 2 OH group in reduction products of salicylaldehyde, 2-hydroxy-1-naphthaldehyde and 5-(hydroxymethyl)furfural was achieved in the presence of 3 under base free conditions. The role of the guanidinate ligands in the complexes for basic and base free TH of carbonyl compounds and TH-etherification tandem catalysis is discussed.
are well known organometallic compounds due to their interesting structural and bonding features, and reactivity patterns, and their utility as homogeneous catalysts in numerous organic transformations.
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The utility of the aforementioned complexes when one of the coordinating N atoms of the ligand contains a proton in organometallic catalysis such as hydrogenation and transfer hydrogenation (TH) is well known.
report syntheses and characterisation of half sandwich (h 5 -Cp*)
M(III) guanidinato complexes, 1-8 by analytical, spectroscopic (IR and NMR) techniques and single crystal X-ray diffraction (SCXRD; see Charts 1 and 2). Structurally characterised half sandwich (h 5 -Cp*)Rh(III) guanidinato complexes are sparse in the literature. 20, 21 We wanted to investigate whether electron poor guanidinate ligands such as those present in 1-7 are benecial in their performance as catalysts in TH of carbonyl compounds. The results obtained from our efforts are outlined in the following sections. When the guanidinate ligand contains ortho substituted aryl rings as those present in 1, 4, and 6, then one could, in principle, observe four conformers namely, syn-syn, syn-anti, antisyn and anti-anti and these conformers arise due to four distinct orientations of ortho substituent of the aryl ring in the -N coord Ar moieties with respect to the orientation of ortho substituent of the aryl ring in the -N noncoord (H)Ar moiety (see Fig. S3 in the ESI †). 18, 19 Thus, guanidinato ligands in 1, 4 and 6 revealed synsyn conformation. The position of the chloro ligand in 4 is occupied by MeCN in 8 with SbF 6 À as the counter anion in the latter. The guanidinato ligand in 8, unlike in 4, revealed anti-syn conformation.
Results and discussion
The key structural parameters of 1, 2, 3$MeOH and 4-8 are listed in Table 1 . Thus, the contribution of resonance form A is greater in 1 and 4-8 while that of form B is greater in 2 and 3$MeOH. Further, one of the coordinated N atoms in new complexes reported herein is more planar than the other while the non-coordinated N atom is planar. The degree of interaction of the lone pair on the N atoms with the antibonding p-orbital of the C in the CN 3 unit of the guanidinato ligand in the aforementioned complexes varies as N noncoord > N coord, planar > N coord, less planar as indicated from the values of P N. The coordinated N atoms in resonance forms A-C can be either s-donor (planar N) or s/p-donor (less planar) as has been shown for metal amidinato complexes. 22 In 1, both the coordinated N atoms revealed predominantly s-donor character with a slight p-donor character. In 2, 3$MeOH and 4-8, one of the coordinated N atoms is s-donor while the other is predominantly s-donor with either a slight amount of p-donor character (4, 5, 7 and 8) or a signicant amount of p-donor character (6). The difference in the level of interaction of the N lone pair with the antibonding p orbital of the C in the CN 3 unit of guanidinate ligand in complexes could partly arise due to the difference in substitution pattern of the aryl rings of the guanidinate ligands, its conformational properties and packing forces.
In 9, not only does one of the coordinated N atoms deviate from planarity but also the non-coordinated N atom as can be seen from the values of angle sum around the N atoms ( P bond rotation and thus leads to the formation of two rotamers. The driving force for the formation of two rotamers is believed to be a repulsive interaction between CF 3 group of one of the N coord Ar units and CF 3 group of the N uncoord Ar unit wherein aryl substituent of these two units lie on the same side (see Fig. S5 in the ESI †). We measured variable temperature (VT) 19 F NMR spectra of 3 to identify coalescence temperature between the signals of two rotamers but the signals did not coalesce below the boiling point of CDCl 3 (see Fig. S6 in the ESI †).
Complex 4 was subjected to VT 1 H NMR measurements to better understand its solution behaviour. The stack plot for CH 3 protons of the Cp* ring is illustrated in Fig. 3 H} NMR spectroscopy. These two species are assigned to any two isomers out of syn-syn, syn-anti and anti-syn.
Transfer hydrogenation
TH of carbonyl compounds is a safer reduction procedure than hydrogenation using H 2 gas. condition afforded the reduction product in good conversion (1-7, 9 and 10), moderate conversion (11, and 12) , poor conversion (13) TH of acetophenone was carried out in the presence of 3 under base free condition by varying substrate/catalyst (S/C) ratio and time as shown in Table 3 . The best conversion was achieved in the presence of 1 mol% of 3 (entry 3). In the presence of 0.1 mol% of 3, only 71% conversion was achieved aer 24 h (entry 6). Following the condition listed in entry 3, various ketones were subjected to TH both in the presence and in the absence of base and the results of this investigation are listed in Table 4 . The extent of reduction appears to depend upon neither steric factor nor electronic factor of the substrates (entries 1-7). Sterically less hindered cyclohexanone is reduced efficiently both under basic and base free conditions while sterically more hindered benzophenone and 4,4 0 -dimethyl benzophenone are reduced with less and no efficiencies respectively (see entries 8-10). The 99% conversion reported for reduction of 2-methyl acetophenone is remarkable as this substrate was not reduced under base free TH in the literature (see entry 1). However, Ru(II) phosphine based catalyst under basic condition was shown to reduce this substrate more efficiently. 35 Cyclohexanone was reduced efficiently under base free condition in the present investigation as has been analogously reported for this substrate with Ru(II) complexes.
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Interestingly, TH of 4-nitroacetophenone in the presence of 1 mol% of 3 under base free condition gave the corresponding alcohol while under basic condition gave 4-aminoacetophenone in >99% yield in both cases (see Scheme 3). The observed chemoselectivity is attributed to two distinct mechanisms operating in TH under basic and base free conditions (see later). The chemoselective reduction of either pC]O group 10,12,31a or NO 2 group 36 in 4-nitroacetophenone in TH catalysed by Ir(III), Ru(II) and Rh(III) metal complexes are known. However, chemoselective reduction of either one functional group in 4-nitroacetophenone by the same catalyst to the best of our knowledge is unprecedented in homogeneous catalysis. Further, percent conversion associated with carbonyl reduction of 4-nitroacetophenone reported herein is comparable with the percent conversion reported for the related Ir(III) amido complex. 12 The reduction of nitro group in 4-nitroacetophenone was not reported in the literature under TH condition. TH of 4-nitroacetophenone carried out in the presence of ruthenium(II) carbene complex, [(h 6 -benzene)RuCl 2 (Im(Et,CH 2 CH 2 OEt))] and KO t Bu resulted in no carbonyl reduction 37 and this observation indirectly suggests that it is the nature of guanidinato ligand in 3 that is responsible for NO 2 reduction. TH of nitrobenzene and Table 5 . TH of benzaldehyde is sluggish at RT and the reaction is complete only aer 24 h (entries 1-3). TH of benzaldehyde is 88% complete in 1 h at 82 C and 99% complete in 4 h at the same temperature (entries 4 and 5). When 0.1 mol% of 3 was used at 82 C for 4 h, only 20% conversion was achieved (entry 6). Thus, the optimised condition listed in entry 5 was applied for TH of other aldehydes outlined below. Benzaldehyde, 4-substituted benzaldehydes and furfural were reduced to the corresponding alcohols in >99% yield under base free condition (see Scheme 4). The reactions were carried out in air with aldehydes as received from commercial vendors. The signicance of TH of commercial grade aldehydes catalysed by Ru(II) phosphine complexes has been discussed recently. 40 The efficiency of 3 in reduction of benzaldehyde is comparable with that of Ir(III) carbene complex. 41 TH of 4-nitrobenzaldehyde under basic condition gave a solid which was insoluble in organic solvents thus hampering its characterisation by 1 H NMR spectroscopy. This is likely due to the formation of 4-aminobenzaldehyde which subsequently undergoes self-condensation to afford a polymeric product. Base sensitive carbonyl compounds were subjected to TH in the presence of 3 under base free condition (Table 6 ). 3-Cyclohexene-1-carboxaldehyde was reduced to the corresponding alcohol in 96% conversion without reducing the pC]C unit (entry 1). 2-Phenylacetophenone and ethyl benzoylacetate that contain active methylene group were reduced to the corresponding alcohols in 84% and 93% yields respectively (entries 2 and 3). 2-Bromoacetophenone remained largely unreacted Scheme 4 TH of aromatic aldehydes carried out under base free condition. 99 AE 1% conversion was obtained in each case as estimated from 1 H NMR spectroscopy and this value is an average of two trials. and the reduction product was obtained only in 39%. The lower yield of the reduction product is likely due to steric hindrance caused by the Br in the substrate. When acetylacetone, 4-cyanobenzaldehyde and 4-cyanoacetophenone were subjected to TH, as yet unidentied mixture of products were formed as revealed by 1 H NMR spectroscopy.
(E)-Chalcone was subjected to TH in the presence of 3 under base free condition and the progress of the reaction was monitored by 1 H NMR spectroscopy (Table 7) . In 30 min, 40% of (E)-chalcone was converted to 1,3-diphenylpropan-1-one, 14. Methyl cinnamate was subjected to TH in the presence of 3 under base free condition. Only the pC]C bond was reduced to afford 16 in 29, 66 and 81% conversions aer 4, 12 and 24 h respectively while the ester group remained unaltered (see Scheme 5). The faster reduction of the pC]C bond in methyl cinnamate was observed in TH catalysed by Pd(OAc) 2 in the presence of ionic liquid. 44 The reduction of methyl acrylate in TH catalysed by 3 under base free condition was not clean.
TH of 4-acetylbenzaldehyde in the presence of 3 under base free condition gave products 17 and 18 and their ratio is time dependent (Table 8) . In 5 min, only the formyl group of the substrate is reduced to afford 17 in 50% conversion. Upon extending the reaction period to 10 min, the substrate is completely consumed leading to the formation of products 17 and 18 in 99 : 1 ratio. Upon extending the time, the concentration of 18 gradually increased at the expense of 17. In 500 min, the product 18 was exclusively present in the reaction mixture. This observation indicates that more reactive formyl group in the substrate is reduced rst followed by reduction of the acetyl group. The reaction was truncated aer 10 and 500 min which enabled us to isolate 17 in 91% yield and 18 in 98% yield respectively aer column chromatographic workup (see the ESI †). 4-Acetylbenzaldehyde was subjected to TH in the presence of 0.1 mol% of [{(NHC)(linker)(NHC)}IrI 2 
and 0.1 mol% of K 2 CO 3 in i PrOH to afford a mixture of 17 and 18
in 95 : 5 chemoselectively. 45 When TH of 4-acetylbenzaldehyde was carried out in presence of 3 under basic condition, a precipitate was formed, which is insoluble in CDCl 3 and DMSO-d 6 , presumably due to the formation of a polymer formed through base catalysed self-aldol condensation.
Mechanistic hypotheses
A plausible mechanism of TH of carbonyl compounds in the presence of KOH is illustrated in Scheme 6. The reaction of 1-11 with KOH can afford 16e complex, D wherein the guanidinato ligand is present in the dianionic form. The formation of species D in the catalytic cycle is conceivable as [(h 5 -Cp*)Ir Unlike in the species D, the guanidinato ligand in species E-G is present in the monoanionic form. The plausible mechanism of base free TH of carbonyl compounds is illustrated in Scheme 7. This mechanism is based on (i) products analyses discussed in the preceding section and (ii) a mechanism proposed by Sarkar and coworkers for related ruthenium(II) azocarboxamide complexes under base free TH. The guanidine unit in species H is monoanionic while that in species I-K is neutral. The formation of acetophenone reduction product in 50% yield when 8 was used as a catalyst in the absence of base can be ascribed to the difficulty in the formation of species H due to the presence of a coordinated MeCN in the former. In TH of carbonyl compounds catalysed by Ru(II) acetamido complex, the carbonyl reduction was shown to occur via iminol-to-amide tautomerisation of the acetamido ligand thereby allowing the formation of a Ru-H intermediate. . 6 From this study it appears that the species J is formed transiently in the presence of the 4-methoxybenzaldehyde resulting in the formation of 4-methoxybenzyl alcohol while in the absence of 4-methoxybenzaldehyde and in the presence of 3, species J deactivates to afford M as revealed by 1 
TH-etherication tandem catalysis
Aromatic carbonyl compounds that also bear OH group were subjected to TH in the presence of 3 under base free condition and the results of this study are listed in Table 9 .
Salicylaldehyde upon TH afforded 2-hydroxy benzyl alcohol and 2-(isopropoxymethyl)phenol in 67% and 33% yields respectively with overall conversion being 99% (entry 1). There have been some difficulties encountered in TH of salicylaldehyde 50 but in the present investigation the substrate is not only reduced but also partially etheried. Interestingly, 2-hydroxy acetophenone upon TH under base free condition afforded the corresponding alcohol without etherifying the resulting -CMe(H)(OH) unit (entry 2). The contrasting behaviour of salicylaldehyde and 2-hydroxy acetophenone in TH in the present investigation is ascribed to sterically less hindered nature of the carbonyl group in the former. On the other hand, 5-(hydroxymethyl) furfural (HMF) upon TH under the base free condition afforded (5-(isopropoxymethyl)furan-2-yl)methanol and 2,5-diisopropoxymethyl-furan in 90% and 10% yields respectively with the overall conversion being 99% (entry 3). HMF is a biomass derived aldehyde, extensively studied in relation to the formation of mono-and di-etherication products catalysed by heterogeneous Lewis acid catalysts.
52,53 Interestingly, 2-hydroxy-1-naphthaldehyde upon TH under base free condition afforded 1-(isopropoxymethyl)naphthalene-2-ol as the only product in >99% yield (entry 4). Further, the aforementioned transformation can be achieved in $95% yields even when the reaction was carried out in the presence of 1 mol% of 1, 2, 4, 6, 9 and 10 under base free condition (see Table S1 in the ESI †). Hydrogenation-etherication tandem catalysis of benzaldehyde, acetophenone and cinnamaldehyde was effected in the presence of 5 mol% of anionic Os(III)-H complex at 130 C using Dean-Stark apparatus for water removal. 54 Thus, TH-etherication tandem catalysis reported in Table 9 for three substrates to the best of our knowledge is unprecedented in the literature.
Mechanistic hypothesis of etherication
The isolation of 2-hydroxy benzyl alcohol in TH of salicylaldehyde led us to conclude that TH occurs rst followed by etherication. A plausible mechanism of etherication of 1-(hydroxymethyl)naphthalen-2-ol is illustrated in Scheme 8. Complex 3 upon reaction with the substrate can lead to the formation of an intermediate P, the formation of which is driven not only by the ability of the substrate to chelate the Rh but also its ability to form intramolecular hydrogen bond involving the benzylic OH hydrogen of the substrate and the imine nitrogen atom of the guanidinato ligand. The intermediate P upon reaction with i PrOH can afford 1-(isopropoxymethyl)naphthalen-2-ol with regeneration of 3 and simultaneous elimination of water.
The formation of unsymmetrical ethers from the reaction of benzyl alcohol with various other alcohols catalysed by [(h 5 -Cp*) IrCl 2 (NHC)] was proposed to occur through Ir V -H intermediate. 55 In the present investigation, we do not believe the formation of Rh V -H species as an intermediate in the ether formation but we do believe the formation of P as an intermediate for two reasons. The imine N atom of the guanidinato ligand in P can act as an internal base in abstracting the benzylic OH proton while the guanidinate ligand simultaneously releases the NH proton in the formation of water. Thus, the guanidinate ligand in the catalysts acts as a proton shuttle between the substrate and i PrOH for ether formation. Further, we did not observe the formation of ether in TH of various aldehydes discussed in Scheme 4. Thus, the guanidinato ligands in the catalyst have to partially decoordinate to accommodate the chelating substrate such as 1-(hydroxymethyl)naphthalen-2-ol prior to the formation of the intermediate P.
Conclusions
Eight half sandwich rhodium(III)/iridium(III) guanidinato complexes were isolated in moderate to good yields. Molecular structures of eleven compounds were determined by SCXRD. The solution behaviour of representative complexes was studied by a detailed NMR experiments. The presence of more than one solution species of Cp*Rh(III) guanidinato complexes was ascribed to arise from either due to unsymmetrical substitution pattern of aryl ring or due to the presence of hydrogen bond donor unit, -N(H)Ar in the guanidinate ligands. Fourteen complexes including those related known complexes in the literature were screened as catalysts for TH of acetophenone under basic and base free conditions and from the screening, 3 emerged as the preferred catalyst. Complex 3 was used as the catalyst for TH of various ketones under basic and base free conditions. The efficiency of reductions varied depending upon the substrates and reaction conditions. The chemoselective reduction of nitro and carbonyl groups in 4-nitroacetophenone was achieved in the presence of 3 as the catalyst under basic and base free conditions respectively and to the best of our knowledge, this is the rst such report in homogeneous catalysis. Complex 3 acts as an excellent catalyst in TH of aldehydes even in the absence of base. TH of base sensitive carbonyl compounds was also achieved in good yields except one substrate for steric reason.
Time dependent chemoselective TH of (E)-chalcone and 4-acetylbenzaldehyde were carried out in the presence of 3 under base free condition which gave a mixture of products or only one product depending upon the substrates. Complex 3 reduces pC]C group under TH condition when this group is in conjugation with the carbonyl group. Salicylaldehyde, 2-hydroxy naphthaldehyde and HMF upon TH in the presence of 3 under base free condition gave the corresponding alcohols with the phenolic OH group in the substrates remaining intact while newly formed -CH 2 OH group was either partially or fully etheried depending upon substrates. Plausible mechanisms of TH of carbonyl compounds under basic and base free conditions and etherication were proposed. The guanidinate ligands in the new complexes acts as a proton shuttle between i PrOH and the carbonyl substrates in both base assisted and base free TH. The presence of an in-built amido N atom in the guanidinato ligand of 3 does not necessitate the use of external base for successful base free TH. The dual nature of the guanidinato ligand in 3 as an acid and as a base in water elimination was ascribed for its successful role as catalyst in etherication of the substrate such as 1-(hydroxymethyl)naphthalene-2-ol.
